A series of [Ir(C^N) 2 (bpy)] [PF 6 ] complexes in which the cyclometallating ligands contain fluoro, sulfane or sulfone groups is reported. The conjugate acids of the C^N ligands in the complexes are 2-(4-fluorophenyl)pyridine (H1), 2-(4-methylsulfonylphenyl)pyridine (H3), 2-(4- 
Introduction

Iridium(III) [Ir(C^N) 2 (N^N)]
+ complexes incorporating cyclometallating (C^N) and N,N-chelating (N^N) ligands offer an adaptable family of emissive ionic materials for use in light-emitting electrochemical cells (LECs). [1] [2] [3] [4] In [Ir(C^N) 2 (N^N)] + cations, the localization of the HOMO and LUMO on the iridium/C^N domain and on the N^N ligands respectively, facilitates manipulation of the HOMO-LUMO separation by judicious choice of ligand substituents. Stabilization of the HOMO has been achieved by introducing electron-withdrawing substituents onto the C^N ligands, and 2-(2,4-difluorophenyl)pyridine (Hdfppy), and to a lesser extent 2-(4-fluorophenyl)pyridine, are regularly employed to achieve blue-shifted emissions in [Ir(C^N) 2 (N^N)] + complexes. 1, [5] [6] [7] Bolink, Frey and coworkers 8 have shown that the number (one or two) and positions of substitution of fluorine substituents in 2-phenylpyridine (Hppy) have little effect on the photophysical and electrochemical properties of [Ir(C^N) 2 (4,4′-achievement of both high luminances and efficiencies under low driving voltages 13 suggest that sulfone-functionalized cyclometallating ligands may be a viable alternative to the more commonly employed fluoro-substituted C^N ligands. We present here a systematic study of the effects of functionalizing the cyclometallating Hppy ligand with increasingly electron-withdrawing substituents in the 4-position of the phenyl ring. Our aim was to apply the series of ligands shown in Scheme 1. Since the influence of fluoro-substituents is rather well understood, ligand H1 was chosen to provide the benchmark complex [Ir (1) (tpy = 2,2′:6′,2″-terpyridine, 4′-MeO 2 Stpy = 4′-methylsulfonyl-2,2′:6′,2″-terpyridine), the sulfone unit causes a switch from a non-emissive complex in fluid solution to emissive behaviour in MeCN solution. 18 The pairs of ligands H4/H5 and H6/H7
were selected to investigate the added effects of introducing bulky ( t butyl) and long-chain (dodecyl) thiol and sulfone substituents.
Experimental
General A Biotage Initiator 8 reactor was used for syntheses under microwave conditions. 1 H and 13 C spectra were recorded at 295 K on a Bruker
Avance III-500 spectrometer; chemical shifts are referenced to residual solvent peaks with δ(TMS) = 0 ppm. Solution absorption spectra were recorded on an Agilent 8453 spectrophotometer, and FT-IR spectra on a Perkin Elmer Spectrum Two UATR instrument. Electrospray ionization (ESI) and MALDI-TOF mass spectra were recorded on Bruker esquire 3000 plus and Bruker Daltronics Microflex mass spectrometers, respectively. LC-ESI-MS employed a combination of Shimadzu (LC) and Bruker AmaZon X instruments. Electrochemical measurements were carried out using cyclic voltammetry and using a CH Instruments 900B potentiostat with glassy carbon working and platinum auxiliary electrodes; a silver wire was used as a pseudo-reference electrode. Solvent was dry, purified MeCN and 0.1 M [ n Bu 4 N][PF 6 ] was used as supporting electrolyte.
Cp 2 Fe was used as internal reference and was added at the end of each experiment. Solution emission spectra were recorded in MeCN on a Shimadzu 5301PC spectrofluorophotometer. Solution quantum yields were measured using a Hamamatsu absolute PL quantum yield spectrometer C11347 Quantaurus_QY. Lifetimes and emission spectra of powdered samples were measured using a Hamamatsu Compact Fluorescence lifetime Spectrometer C11367 Quantaurus-Tau.
Compound H1 was prepared as reported in the literature 19 and the spectroscopic properties matched those reported. 20, 21 [Ir 2 (COD) 2 Cl 2 ] 22 (COD = cycloocta-1,5-diene) and [Ir 2 (1) 4 Cl 2 ] 6 were prepared according to literature methods. All solvents were dried before use. Silica and alumina were purchased from Fluka (silica gel 60, 0.040-0.063 mm and activated, neutral aluminium oxide). Compound H2. Compound H2 has been previously reported 23 but the following procedure gives a higher yield.
Compound H1 (617 mg, 3.56 mmol) and an excess of NaSMe (1.06 g, 14.3 mmol) were added to N-methyl-2-pyrrolidone (NMP) (18 mL) in a microwave vial. The violet reaction mixture was heated at 80°C for 1 h in a microwave reactor to give a dark brown suspension. This was poured into a mixture of H 2 O and brine (3 : 1, 100 mL). 2-Methyl-2-propanethiol (0.660 mL, 528 mg, 5.80 mmol) was added leading to gas evolution and a white foam. After the reaction mixture had been stirred for 10 min at room temperature, H1 (501 mg, 2.89 mmol) was added with DMF (2 mL). The mixture was heated at 120°C for 24 h. The yellow-orange solution was allowed to cool to room temperature and was then poured into water-brine (3 : 1, 50 mL). The resulting suspension was stirred for 5 min. Found C 65.41, H 6.31, N 5.14; C 15 H 17 NO 2 S requires C 65.43, H 6.22, N 5.09%. Compound H6. NaH (60% suspension in mineral oil, 187 mg, 4.67 mmol) was suspended in DMF (6 mL) under N 2 . 1-Dodecanethiol (1.14 mL, 956 mg, 4.63 mmol) and then DMF (4 mL) were added and the mixture was stirred for 10 min. H1 (400 mg, 2.31 mmol) was added with DMF (2 mL) and the mixture was heated at 120°C for 4 h. The yellow mixture was allowed to cool to room temperature and was then poured into water-brine (3 : 1, 50 mL). The resulting suspension was stirred for 5 min and the precipitate was removed by filtration, washed with H 2 O, dried under vacuum and purified by column chromatography (silica, n-hexane- 3 , 93.5 mg, 0.257 mmol) was added to a suspension of H7 (200 mg, 0.516 mmol) in 2-ethoxyethanol (3 mL) and H 2 O (1 mL) under N 2 . The mixture was heated at reflux for 22 h. After cooling to room temperature, the mixture was poured into H 2 O (≈50 mL) and stirred at room temperature for a few min. The resulting suspension was poured into brine (≈40 mL) and stirred again at room temperature. 6 ] (53.0 mg, 0.0633 mmol) was added to the reaction mixture; this was heated at 120°C for 1.5 h. The dark brown mixture was allowed to cool to room temperature and was then poured into a mixture of H 2 O and brine (3 : 1 by vol., 
Crystallography
Data were collected on a Bruker-Nonius KappaAPEX diffractometer with data reduction, solution and refinement using the programs APEX2 24 and SHELXL97. 25 ORTEP-type diagrams and structure analysis used Mercury v. 3.0. 26, 27 Crystallographic data are given in Table 1 .
Results and discussion
Ligand synthesis and characterization
The fluoro compound H1 is a convenient precursor to each of H2, H4 and H6. The thiomethyl group in H2 is readily introduced by treatment of H1 with NaSMe in NMP under microwave conditions. The 93% yield of H2 is superior to the 10% obtained using the reported Ullmann coupling of 2-bromopyridine and 4-bromothianisole. 23 The synthesis of H4 was adapted from that reported for the formation of 2(2-t butylthiophenyl)pyridine, 28 and H6 was prepared in a similar manner.
For each, the appropriate thiol was treated with NaH in DMF to generate the corresponding thiolate to displace the fluoro group from H1. Of the oxidation strategies tried for conversion of the thiols to corresponding sulfones, use of Na 2 WO 4 -H 2 O 2 29 proved to be the most efficient.
Compounds H2-H8 were characterized by routine spectroscopic methods, mass spectrometry and elemental analysis. The base peak in the electrospray mass spectrum of H2, H3, H4, H5 and H7 corresponded to the [ 13 C NMR spectra were assigned using 2D methods (COSY, HMQC and HMBC) and were consistent with the structures shown in Scheme 1. Single crystals of H3 were grown by overlaying a CHCl 3 solution with hexanes, and of H5 by overlaying a CH 2 Cl 2 solution with hexanes. The structures are shown in Fig. 1 and 2 . Both compounds crystallize in the monoclinic space group C2/c. Detailed analyses of the structures of a range of aryl-alkyl sulfones 30 and diaryl sulfones 30, 31 illustrate the formation both intra-and intermolecular CH aryl ⋯OS hydrogen bonds. In H3, the O1-S1-C9-C10 and O2-S1-C9-C8 torsion angles are −25.0(1) and 28.2(1)°, respectively, leading to intramolecular O1⋯H10a and O2⋯H8a contacts of 2.60 and 2.64 Å. In H5, the corresponding angles (O1-S1-C9-C8 and O2-S1-C9-C10) are −23.1(1) and 24.6(1)°with O1⋯H8a and O2⋯H10a separations of 2.57 and 2.64 Å. The dihedral angles between the phenyl and pyridine rings are 17.7°in H3, and 37.7°in H5. This marked difference is associated with face-to-face π-stacking of phenyl and pyridine rings in H3 (but not in H5). Centrosymmetric pairs of H3 molecules interact through a slipped arrangement of aromatic rings ( Fig. 3a) with an intercentroid distance of 3.81 Å. The sulfone group engages in hydrogenbonded contacts to the methyl groups of two adjacent molecules and the pyridine ring CH of a third molecule. In contrast, a primary packing interaction in H5 involves CH phenyl ⋯O sulfone contacts resulting in the formation of ribbons of hydrogen-bonded molecules (Fig. 3b) . The t butyl groups protrude along one side of the ribbon, and pairs of adjacent ribbons associate through short CH butyl ⋯N pyridine contacts (2.73 Å) giving an extended domain of t butyl units sandwiched between aromatic domains (Fig. 3c) .
Synthesis and characterization of [Ir 2 (C^N) 4 Cl 2 ] dimers
Complexes in the [Ir( ppy) 2 Fig. 1 ORTEP representation of the structure of H3 (ellipsoids plotted at 40% probability level). Selected bond lengths and angles: S1-O2 = 1.4411(9), S1-O1 = 1.4434(10), S1-C12 = 1.7569 (14) , S1-C9 = 1.7575(11) Å; O2-S1-O1 = 118.19(6), O2-S1-C12 = 108.03 (7), O1-S1-C12 = 108.11(6), O2-S1-C9 = 109.20(6), O1-S1-C9 = 108.45(6), C12-S1-C9 = 103.93(6)°. Fig. 2 ORTEP representation of the structure of H5 (ellipsoids plotted at 40% probability level). Selected bond distances and angles: S1-O2 = 1.4378 (12) , S1-O1 = 1.4402 (12) , S1-C12 = 1.8190(16), S1-C9 = 1.7727(15) Å; O2-S1-O1 = 118.85(8), O2-S1-C9 = 107.48 (7), O1-S1-C9 = 107.03 (7), O2-S1-C12 = 108.05(8), O1-S1-C12 = 107.50 (8) , C9-S1-C12 = 107.46(7)°.
[Ir 2 (7) 4 Cl 2 ] were isolated as yellow solids. The 1 H and 13 C NMR spectra of the complexes showed negligible impurities and the compounds were used in the next step (see the next section) without purification. The NMR spectra were assigned using routine 2D methods and were in accord with the structures shown in Scheme 2. 4 Cl 2 ] as well as that of the centrosymmetric Δ,Λ-form. 41 In addition, we have recently Fig. 4 ; each iridium atom is in an octahedral environment. The complex crystallizes in the orthorhombic space group Pbca and the asymmetric unit contains the Λ,Λ-enantiomer with both the Λ,Λ-and Δ,Δ-forms present in the lattice. As in other [Ir 2 (C^N) 4 Cl 2 ] dimers and in mononuclear [Ir(C^N) 2 
(N^N)]
+ cations, the two cyclometallated ligands are arranged with the N-donors trans to one another at each iridium centre. Bond parameters (cation to Fig. 4) are unexceptional. The orientations of the four independent sulfone groups with respect to the phenyl ring to which each is attached fall into two categories. Two are twisted in a similar manner to that in the free ligand H3 (see above) with torsion angles of O1-S2-C9-C8 and O2-S2-C9-C10 = 30.9(9) and −20.5(9)°and O5-S3-C33-C32 and O6-S3-C33-C34 = 31.4 (9) and −17.4(9)°. This arrangement gives rise to short CH phenyl ⋯ O sulfone contacts of 2.59 and 2.66 Å, and 2.56 and 2.62 Å, respectively (two per sulfone group). In contrast, the sulfone groups containing S1 and S4 are oriented such that the torsion angles are O3-S1-C21-C22 and O4-S1-C21-C20 = −58.2(9) and −3.3 (9) , and O7-S4-C45-C46 and O8-S4-C45-C44 = −53.8 (9) and −1. (7), Ir1-N2 = 2.057 (7), Ir1-Cl1 = 2.486(2), Ir1-Cl2 = 2.512(2), Ir2-C43 = 1.995(8), Ir2-C31 = 2.015(9), Ir2-N4 = 2.043 (7), Ir2-N3 = 2.053 (7), Ir2-Cl2 = 2.503(2), Ir2-Cl1 = 2.504(2), S1-O3 = 1.404 (9), S1-O4 = 1.441 (8), S1-C21 = 1.778 (9), S1-C24 = 1.786 (10) undergo the largest shifts to lower frequency in the fluoroderivative, appearing at δ 5.89 and 6.81 ppm, respectively. Single-crystal data were collected for [Ir (1) 6 ] crystallizes in the trigonal space group P3 1 21 and Fig. 6 shows the structure of the Δ-[Ir(1) 2 (bpy)] + cation. The octahedral environment of Ir1 with trans-arrangement of the N donors (N3 and N4) of the cyclometallating ligands is as expected, and bond parameters (see Fig. 6 caption) are typical. We note that the packing interactions are predominantly CH⋯F contacts involving the F atoms of both the [PF 6 ] − anions and the fluorophenyl rings.
There are no π-stacking interactions between arene rings of adjacent cations. This is in contrast to those observed in rac-[Ir(1) 2 (bpy)][PF 6 ] described below. 47 involving face-toface and edge-to-face π-interactions (Fig. 7) . The face-to-face contact is between a fluorophenyl ring and one pyridine ring of a bpy ligand; the rings are slipped such that the F atom lies partly over the pyridine π-system 48, 49 ( Fig. 7b) 
Photophysical properties
The solution electronic absorption spectra of [Ir(C^N) 2 (bpy)]- [PF 6 ] (C^N = 1, 3-7) are shown in Fig. 9 . All are dominated by intense high-energy bands which we assign to ligand-centred (LC), spin-allowed π*←π or π*←n transitions. The origin of the lower intensity and broader spectrum of [Ir (6) 6 ], and between 252 and 400 nm for the other complexes results in the emission spectra shown in Fig. 10 . The spectra are invariant of chosen values of λ exc in the above ranges with the exception of the appearance of the relevant harmonic band. The complexes [Ir (1) to the parent complex [Ir( ppy) 2 6 ] under analogous room temperature conditions. 51 Substantial enhancement of the PLQY is observed for the most electron-withdrawing (F and SO 2 R) substituents ( 6 ]; in general, the complexes in which the cyclometallated ligand bears a sulfone substituent exhibit lifetimes that are an order of magnitude longer than those containing fluoro or sulfane group. Fig. 11 illustrates the emission spectra of powdered samples of the complexes and emission maxima and PLQY values are given in Tables 2 and 3) . Excitation wavelengths: see Table 3 . 6 ], 51 consistent with the lowering of the HOMO upon introducing electron-withdrawing substituents into the C^N domain. As expected, the largest band gaps are observed for the sulfone derivatives (C^N = 3, 5, 7). The trends in Table 4 parallel those observed in the solution emission spectra ( 
